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NOTICES

When U.S. Government Drawings, specifications, or other data are
used for any purpose other than a definitely related Government pro-
curement operation; the Government thereby incurs no responsibility
nor any obligation whatsoever, and the fact that the Government may
have formulated, furnished, or in any way supplied the said drawings,
specifications, or other datz, is not to be regarded by implication or
otherwise, or in any manner licensing the holder or any other person
or corporation, or conveying any rights or permission to manufacture,

use, or sell any patented invention that may in any way be related
thereto.
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FOREWORD

This report contains the results obtained during one phase of {he
Air Force Rocket Propulsion Laboratory Project 314801101, Shock
Tube Kinetic Studies. The period covered is from January 1965 to
December 1966.

This study was conducted by the author at the Air Force Rocket
Propulsion Laboratory. The author wishes to acknowledge his ap-
preciation to Dr, T.E, Jacobs and Dr. N. Cohen of Aerospace
Corporation, El Segundo, California, for lending assistance in the
planning and data-reduction phases of the research described herein,
All calculations necessary to this study were conducted by Aerospace
Corporation.

This report has been reviewed and approved,

ELWODD M., DOUTHETT
Colonel, USAF
Commander
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ABSTRACT

The rate of diesociation of hvdragen {luoride behind incident shock
waves has been studied in the temperature range ot 3700 to 6100” K,
Gaseous mixtures containing 0 to 4% hydrogen fluoride, 0 to 6% mole-
cular fluorine, and O to 0.5% molecular hydrogen in an argon carrier
were used in this study, The course of the dissociation was followed
by monitoring the emission intensity of the 1-0 band of hydrogen
fluoride at 2.5 4,

Resort was made to a determination of initial reaction rates to
obtain values for the rate constant of the reaction HF + M =H + F + M.
The expression k; = 0.47 x 10!9 ¢-13410C/RT was found to give the

T
best fit to all of the data. The effect of excess fluorine upon the initial
reaction rate demonstrated that the reaction F + HF = FZ + H is in-
consequential to the present study. Similarly, it was found that atomic

fluorine has roughly the same third-body efficiency as argon for the
recombination of H and F.

Computer calculations based upon the whole reaction profile and

including all the data indicate a value for the rate of the hydrogen ex-
change reaction, namely, HF + H = HZ + F, of k2 =2 x lolze'SSOOOIRT

The data were too scattered to allow an accurate determination of
the temperature dependencies of the pre-exponential factors.
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THE DISSOCIATION RATE OF HYDROGEN FLUORIDE
BEHIND INCIDENT SHOCK WAVES
1. LNTRODUCTION

With the increasing use of energetic but unfamiliar or less under~
stood chemicals in propellant formulations, kinetic considerations become
of increasing importance, When working knowledge of these substances is
lacking, kinetic data must supplement other data to sllow optimum design
and utilization of new propellant systems.

A shock tube is one tool which can be used to generate the conditions
of temperature and pressure of interest without s previous time-temperature
history of the rescting gas. A rapid response measuring technique, such as
the infrared emission metbod described herein, can then be used to follow
the course of the reaction as a function of time,

When this program was initiated, no published data were available con=-
cerning the dissociation of hydrogen fluoride, although two other atudies(l'e)
of the subject were under way at other laboratories.

Il., DISCUSSION
A, BACKGRGUND
1. Calculation of Shock-Wave Parameters
The Rankine-Hugoniot equations were used in the calculation of
the state of the gas immediately behind the shock wave. When fluorine was
added to the mix, it wvas found necessary to assume it to be completely dis~
sociated within the shock wave at all temperatures considered, This was

(3)

necessary because of the extreme instability of molecular fluorine under

the experimental conditions.

.Mm«a..:;ﬂ
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The shoc¢k velocities necessary to define the conditions of the
reacting gas were obtained by means of sparke-gap shock detectors accurately
spaced at known distances along the tube, The spark plug signals were
dispisyed on an oscilloscope équipped with a rastor sweep. Superimposed
upon this trace was s signal from s crystaledriven timing generator. Hence,
the timing trace enabled an accurate determination of shock-wave velocity.
The data vere fitted to a guadratic equation of the form

t = AX + BX? (1)
Where A and B are constants, t is the elapsed time, and X is the distance
traveled by the shock wave., The paresmeter B is then a measure of the
attenuation suffered by the shock wave as it traveled down the tube (about
1%).

The shock velocity at the test station was evaluated from the

test data by means of the eguation

Vs K"i""éix" (2)
with & standard deviation of

s, = (5, + 2xs )V (3)
Where Sv' SA' and SB are the standard deviations of V, A, and B respec-~
tively. The value of S _ was usually about 1 to 1,5% of the value of V.

2. Reduction of Rate Data
In this study, the course of the reaction was followed by

monitoring the emission intensity of the 2,5-micron band of hydrogen fluo-

ride as a function of time. Consequently, it becomes necessary to relate

the measured intensity to the density of unreacted HF in the test gas.
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The emission intensity was converted to voltage by means of an infrared é
detector. The voltege was displsyed as a function of time on an oscillo~ zg
scape,
The emission intensity will be given at any time by the
following relationship:
R = IANR:(T)eu(T)g(lw-wol)dw {4)
where R:(T) and ew(T) are the Planck blackbody function and the spectral
emissivity of HF respectively at temperature T, The qusntity of g
(lw-wol) is the slit function for the spectrometer and is a measure of
detection efficiency of the apparatus for radiation of frequency w when
it is set to detect radiation of frequency W, The slit function for
our spectrometer is triangular with & half-width of 560 cm™ when it is
centered at 4000 cx™l.
The Doppler halfe-width for rotationel lines is given by
the expression(h) :
by = (azy /2 (s) Au.

2
ne Q
where ¢ is the velocity of light, m is the mass of the rotating body, and

w, is the frequency, in wave numbers of the radiation. At 5000°K equa-

tion (5) gives a Doppler half-width of 0.023 en™} for the rotationsl lines

of HF centered in the 2.5-micron band. A collision half-width for broaden-

ing of the rotational lines of HF by Ar at 293°K may be estimated at 0.03
(5)

cm'l based on the data of Oksengorn . The theoretical temperature depen-

1/2 for collision broadening then gives a value of 0.007 cm-l

dence of T
for the collision half-width at 5000°K(h). A comparison of these half-widths

indicates that one can select the experimental conditions based upon
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calculatione which employ the Doppler shape for the rotational lines withe
out incurring significent error.

Detailed theoretical calculations of the spectral emissivities of
HF were reported by Mallkmus (&) who based his results upon Khiper's(7)
experimentally determined value of 31k cn~2atm™! at 117°C for the inte
grated intensity of the fundamental. These calculations were made for

"2 to 10 atmecm at each

four different optical densities ranging from 10
of four temperstures ranging from 1800°K to 7000°K.

Baged on the spectral emissivities given by Malkmus, it is possible
to evaluate the integral appearing in equation (L) as a function of both
optical density and temperature. The required values for the slit funce
tion of our apparatus are given by

g (]w—-mol) s1a=- 57}0'! wolror lm-uol;_:_ 560
=0 for Iu-wol;_ 560 (7)
Values for the Planck blackbody function wer e calculested from the

following relation:

2Mhelw’ (8)
ehcm?k‘l‘
-1

Figures 1 and 2 fllustrate this spectral radiancy integral, equation

R:(T) =

(L), as functions of optical density and temperature respectively. A close
inspection of these two figures reveals that if the optical density does

not exceed 10.0'5

atm=-cm, the radiancy, R, will not only be a nearly
linear function of optical density, but will alsc be indepeandent of tem-
perature provided the temperature does not fall below 3500°K. Accordingly,
these limits define the optimum experimental conditions and are met by our

equipment tehind incident shocks for 2.5% HF in Ar at an initial total

[ -'3
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pressure of L0 mm Hg, If the experimental conditions are held within

these limits, ocne can write

]
R (9)
] T
[+]

w+ith an error of not more than 10%, Here °T refers to the density of
HF vehind the shock and the subscript zero refers to the initial con-
ditions,

The propesed kinetic scheme is given by the following series of

equations:
HF + M= H+F +M (10)
HF + Hs Hy + F (11)
Hy + M = 2H + M (12)

The fluorine exchange reaction and the subsequent fluorine dissociaw-
tion reaction
HF + F=H+F, (13)
F;, « M = 2F + M {14)
are not favored due to the high endothermicity of reaction (13) in
reference to reaction (11).
If £ is the fraction of HF dissociated at time t and C is the ori-
ginal weight fraction of HF in the gaseocus mixture, the density of HF

in the gaseocus mixture behind the shock wvave at time t will be

o1 = (1~£)Cog (15)
vhere pog is the total gas density behind the shock wave, Differentia=-
tion of equation (15) with respect to time yields(for the region

immediately behind the shock wave, i.,e., for the initial conditions

- o

‘#fv-—w.'l".

F
3
£l
=~




of dissocistion of HF)

. Cp_ = £Cp {16)

Equations (9), (15), and (16) can now be combined to give for the

initial conditions of reaction
e

R iy (17)

It coan readily be shown on the baszis of the equations of conserveation

et R AR

that

e | ong [ R I B B ) |

at MHF Aiu « DRT

VWhere the symbols not already defined have the following definitions:

bt

{ R = the gas constant,

MKF = the molecular weight of HF,

c o c
AR, E g, 2., 00 LT
A = MAR M 2 R« MHZ chZ * N CVHF

c = the welight fraction of argon in the initial shocked mix,

1

M = the molecular weight of argon.

B

«Q
e}
.

the weight fraction of atomic fluorine in the initial
shocked mix,

= the atomic weight of atomic fluorine,

C, = the weight fraction of hydrogen in the initial shocked
gas.

HH = the molecular weight of hydrogen.

= the specific heat of hydrogen at constant volume,

vHz averaged over the temperature step across the shock vave,

\ E:hr- the specific heat of hydrogen fluoride &t conste it




volume averaged over the temperature step across
the shock vave.

DHF = the dissociation energy of gaseous hydrogen

fluorige.

DHz = the dissociation energy of hydrogen.

?ﬂz = the rate of dissociation of hydrogen.

u = the gas velocity relative to the shock wvave.
c

c, C < c
A, F, H(l+ H CHF(1 + £)

Wy Ry T M Mo

Equations (17) and (18) may now be solved for f, the result being

A AT = DD A {fﬂj cy, * R
Mo | Ku? = DRD)-(DR)ZT M,
1 3%nR 1
Az - DRTI-RIZ T | T 73t, " Toay b9

Where pj;; is the total gas density ratio across the shock waves, The
factor of 1l/p;; accounts for the time compression effect converting the

laboratory time t, to particle residence time,

L
Equation (19) offers a ready means of obtaining an estimate of k;, the
forward rate of reaction (10}, since by definition
= k(M) (HF) = k_1(M) (H) (F)  + kp(H) (HF) - k_,
(F)o(ﬁz)o (20)
Where k; and k_; refer to reaction (11). For the initial condition
of dissociation

(8), =0

(F)° =0

o B SGAE R

e T
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and for mixes containing initial atomic fluorine

(Hp), =0

(#), =0
It follows that if the density of HF can be monitored during the very early
stages of the reaction, the value of k, can be obtained from the initiel
alope of the reaction profile as recorded on the oscilloscope,

The overall reduction of the rate data proceeds by matching
observed and calculated reaction profiles. This necessitated having a set
of initial estimates of the rates of equaticns (10) through {12). The
initiel estimate of k; was obtained by taking the initial slopes of the
observed reaction profiles as gescribed above. The initial estimate of k,

was taken from reference 1, the value being

ky = 1 x 1013e~35000/RT

(21)
The value of k_j the reverse rate of reaction (12), was also taken from
reference 1, the value being

k_y = 1018372 (22)
Sine= the density of excess hydrogen was not widely varied, no attempt to
improve k_3; was made. The reverse rates of all three reactions were com=-
puted from the forvard rates and thermodynamic dsta.(e) The reaction pro-
file was then computed from the estimates of all the rates coupled with
the shock parameters, The profiles were calculated by an integration

technique with time and temperature as interdependent variables, Computer

analysis was necessary since the reaction temperature changes by as much

. : , . .
{ R - S . o - - &N
& ' ARL
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as 1000°C during the course of the reaction (see Table II), Several .%~

oscilloscope traces representing typical reaction profiles are illustrated
in Figure 7. 'f

In comparing cbserved and calculated reaction profiles, it
becomes necessary to know the initial height of the observed profile.
This necessitated a usable extrapolation procedure, A simple logarithmic
expression of the form

log E = log Eg - ;5 (23)
was found to fit the data for the early stages of reaction in nearly every
instance. In this expression, t and Eg are constants, the value of Eg
being the initial height of the voltage trace (see Figure 8). Accord-
ingly, initial intensities were obtained by simple logarithmic extra-
polation.

in the computer analysis M in equations (10) and (11) was con-
sidered to be any third body. After comparing observed and computed
profiles, new estimates of the rates were made and the process repesated. .
Only the preeexponential factors of the rates were changed in this pro-
cess, it being assumed that the activation energies for reactions (10)
and (11) are approximated by their respective endothemicities.

B. EXPERIMENTAL
1. Shock Tube
The shock tube is of stainless steel and has an inside dia-

meter of 1.5 inches. The overall length of the test section is 25 feet,

and the entire inside surface iz finished to a grade 8 smoothness,
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The driver has an overall length of 66 inches., The driver section was
staticetested to 20,000 psi and the downwind section to 4000 psi. The
driver pressurlzing manifold was connected to 10,000 psi helium and
6000 psi nitrogen supply lines. The downwind section emptied into &
S55=gallon dump tank, The driver and downvind sections vere separated
by means of a scribed steel diaphrsgm designed to burst at a pre-
selected pressure, The downwind section and the dump tank were separsated
by means of & thin sheet of mylar,

2, Shock Velocity Recording System

Automobile spark plugs of type US5XL whose points were filed

smooth were fitted flush with the inside wall of the downwind section of
the shock tube at intervals of 30 inches (: 0.015 inches). The spatial
resolution of these plugs was approximately 1 mm. Spark plugs were also
placed 5 1/4 inches froem each side of the observation port. A circuit
disgram of “he associated electronics is shown in Figure 3. The elec=
tronic system was designed by Aveo Research Company of Wilmington,
Massachusetts, One spark signal box was provided for each spark plug.
The ocutputs, from J1, of all boxes were fed to a Tektronix 535 oscille
scope equipped with a rastor sweep, Timing merkers vere placed at
S0usec, intervals along the sweep by means of a Radionic Model TWM=2A
crystal-driven timing generator. The oscilloscope trace was recorded
on a 3000-speed polaroid film by means of a Fairchild Model 296 camera,
Data were taken directly from the film with the aid of a ruler graduated

in units of 1/50th of an inch. The data could be read in this manner

10




with s reproducibility of 0.5%.

3. Observation Port

Synthetic sapphire was selected as the best compromise window
material. Sapphire transmission lies between 80+90% from the visible to -
5.5u. Thé good mechanical strength of sapphire permits tube pressures
of 5000 psi.

The two transmission windows are held in compression by close- -
tolerance brass collets. The collets are retained in the section by
hollow nuts, Windowstoeshocketube sealing is effected with indium wire
gaskets,

4, Infrared Spectrometer
The analytical system® (Figure k) consists of two luﬁ-syntm:
{(a) a source system from which blackbody light can be collected and imaged
in the shock tube for absorption measurements, and (b) the radicmetric
system in which light frem or through the shock tube is spectrslly re-

golved by a Perkin~Elmer prism monochrometer. .

el

The system is designed to employ a dual-element detector,
which, in conjunction with an adjustable light mask, permits simultaneocus
tvo-path meagsurements. Detector cutput is amplified and displayed on an
oscilloscore.

Absorption measurements may be taken vith or without opticasl
chopping. A removable chopper, consisting of an air turbine directly

driving a 90=slot wheel, may be positicned at a focal plane on either

-

*
Designed and constructed by Rocketdyne, Inc., Canoga Park, California,
Contract AF 04(611)«8502,

11
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The detector used in this study is of the indium antimonide
variety used in a photoconductive mode, The two detector elements are
separately blased by a 16.2-v0olt mercury battery shunted with a 100-
kilchs potentiometer, a3 shown in Figure $. Bias current is measured
while the detector is operative and adjusted for optimum signal-to=
noise ratio, The entire cptical signail is focussed on one detector
element. The outputs of both elements are then fed to a Tektronix 555
dual~trace oscilloscope where the difference in the two signals is dige
played and photographed.

The signal amplifier consists of two stages of capacitance-
coupled cascode amplification with cathode follovers for interstage
coupling and as output stages (see Figure 6), A feedback loop from the
cathode of the output stage to the cathode of the input stage is used
to obtain an overall amplifier gain of about one thousand, Two of these
smplifiers are used, each with its own filament supply and power supply
decoupling filter.

Wire screens of known blocking efficiency for radiant energy
were placed between the detector and blackbody source to test the
linearity of the response of the detector to radiant intensity. The
linearity was found to be good to within 5% over the whole range of
detector response. The signal-to-noise ratio obtainable with the systenm
varied from 30 to 1 to as high as 150 to 1, depending upon the amplifica-
tion raquired for the particular shot.

A lower limit for the time resoclution of the detector can

12
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be estimated from the shapes of reaction profiles taken at temperas
tures below the point of cbservable reaction (see Figure 7a), The

equation

g.:i - —%—- (E, - E) (24)
describes these data with good precision and gives a value of 3.5u
sec, for v at 3231°K corresponding to Pigure Ta, At higher tempera-
tures, the time resclution will lmprove due to the shorter time
required for the shock wave to pass through the width (approximately
1 mm) of the gas envelope in vhicn the HF content is monitored., The
upper limit of time resolution is spproximated by the rated time con-
stant of the detector itself which is given by the nanufacturer. as
2u sec,

1

A Beckman DU vas used as the source of 4000 cm — light to

measure the slit function of the instrument., The resulting slit function

was found to be trisngular with a half-width of 560 cm™>

wvhen the slit
of the Perkin-Elmer monochromecer was open to 2 am.
5. Data Read-Out from Spectrometer
The emission intensities were recorded as a function of
time on 3000~speed Polarocid film by photographing the single sveep of
the Tektronix 555 dual-beam scope to vhich the detector outputs were

fed, Prior to each shot, accurate voltage marks were placed on the

#*4%
film by means of an SRC Model 3512B DC pover supply, calibrated to

L]
Santa Barbara Research Center, Golets, Californmia.

{ £ )
Systems Research Corporation

T
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1.0 mv accuracy at three-month intervals, Timing marks were placed
on the filn by means of & Radionix Model TWM crystal-driven timing
generstior.

Transparencies were made of the photographic records
and .pese were enlarged and superimposed on 10 x 10 to the centimeter
standard graph paper by means of & projection lantern,

6. Gauges

Helse gauges were used for all sample preparations, These
gauges were equipped with stainless-steel Bourdon tubes. These proved
very reliable in the presence of fluorine gas, The lack of change in
the 90-day calibration was very good, the largest error in their use
being in reading the dial, ‘This reading error wvas about 0,1% of the
maximur gsuge pressure,

A Wallace & Tiernan Model FA-1l5 gauge was used to measure
gaseous pressure in the shock tube itself prior to each shot.

Thermocouple gsuges purchsged from Veeco¥ were used to
detect the evacuation point (approximately lu) of the shock tube prior
to charging it with test gas for each shot.,

7. Gasecus Purities
a, Hydrogen Fluoride
Hydrogen fluoride having a minimum stated purity of

99.9% wvas purchesed from Matheson and used without further purifica-

tion. A mass spectrum of the gas as received with argon as an internal

[ ]
Vacuum Electronics & Equipment Corporation,

14




standard indicated the presence of approximately 0.1% 0,, 0.03% N3,

and trace amounts of SiF, as the only detectable impurities.

BT PV B

b. Argon and Hydrogen
Argon and hydrogen heving minimum purities of 99,998%

were purchased from Matheson and used without further purification,
A mass spectrometric analysis indicated only trace amounts of H,0 and N,
in each gas, i.e., less than 0.01% impurities,

¢, Fluorine

Gaseous fluorine with a minimum stated purity of 98.2%
was purchased from Allied Chemical Company. A mass spectrometric
analysis revealed the presence of about 0.7% 0, and 0,2% HF, Before
uge, the gas was passed over NaF pellets for removal of all HF. The
resulting gas was used without furtiner purification,
8. Cleaning and Passivation Procedures

Prior to any gas mixing operations the entire system, including
the shock tube itself, was flushed with liquid freon, after which every-
thing was purged with nitrogen until dry. After evacuating the system iﬁaﬁ
overnight, gaseous fluorine at 50 psi was sdmitted and allowed to stand :
for two hours, after which the apparatus was again flushed with nitrogen,
the gases being passed into a propane burner which was vented to the
cutsides of the building,

After the system had been passivated, it was kept evacuated at
8ll times except when in use,

9, Sample Preparation and Analysis
Mixtures of Ar and ¥, containing from Q.1 to 10.0% F,; were pre~ if\ f

pared and stocred in stajnless steel mix tanks, The partial pressure of

15
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F; ia each mix was determined during the mixing operation by noting the
pressure incresse in the vessel as each gas was added, The optical
density of each sample was then determined at 285 mu Ly mesans of a
Beckman DK-2 recording spectropholometer., The absorption cell was of
stainless steel, had a pathlength of 7.5 cm, and was equipped with 1/8"
thick sapphire windows. An inlet and an cutlet were placed at opposite
ends of the cell to allow flushing it with sample prior to each reading.
All optical densities were read at a total pressure of 50 psi, Repeated
readings of optical densities over a period of four weeks revealed no
change. The extinction ccefficients for F; determined from these messure-
ments were used in all subsequent gas analyses., Beer's law was found to
describe the data over the entire range.

In a manner similar to that described above, samples of HF and
Ar were prepared and stored. After sitting overnight, the optical absorp-
tion cell was flusaed with sample until no changes in the optical densities
of the sample at 2,5u and 2.4lp were observed with additional flushing.
After recording the final value of the optical demsity, the gaseous m.x~
ture was passed into distilled water and the argon was collected by dis-
placement. The resulting acidic solution was titrated with standard
NaOH with phenolphthalein as indicator. In this manner, the sctual
partial pregssure of HF in each mix was determined simultaneously with its
optical density. The extinction coefficients for HF determined in this
manner were reproducible to within 5%. All optical densities were again

determined at a total pressure of 50 psi. In agreement with the results
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of Spinnler(e)

s the results wvere well-defined by Beer's law up to a
total HF pressure of 2,0 psi, This limit was observed in all subsequent
measurements,

Individual mixee of argon with each reagent gas were prepared
in the ratio of 10:1 and stored in stainless steel mix tanks. The
partial pressure of each reagent gas in its respective mix with argon was
deternined during the mixing operation with the aid of a Heise gauge having
a usable range of O to 500 psi. The mixes were each prepared at a total
pressure of 200 psi.

Gaseous samples for dissociation studies were prepared by mixing
pre-selected amounts of each the diluted reagent gases with argon and stor-
ing in stainless steel mix tanks.

The partial pressure of Hy in mixee containiag added hydrogen
vas determined by pressure difference during the mixing operation. The
accuracy of this determination wes approximately 2% over sll. These
samples were used within L8 hours of preparation to avoid any concentra~
tion changes which might occur on standing.

The partial pressures of HF and F, in the gaseous mixtures wvere
determined immediately before use from optical density measurements in the
appropriate spectral ranges, always at & total pressure of 50 psi,

10, Data Run Procedure

a. Before each shot, the shock tube, optical absorptiocn cell,
and all interconnecting lines were evacuated to 1 x 10”3 torr. The leak
rate vas found to be of the order of 2 x 10™> torr/min.

b, The time and calibrated voltage markers were placed on the

17




film in preparation for the planned shot, Trigger circuits and spark

Plug voltages were adjusted to the proper levels.

% ¢, The indium antimonide detector was cooled with liquid
nitrogen and all of its associsted electronics were activated., Align-
ment of the detector was accomplished with the aid of the optical chopper
and blackbody source, After aligament was accomplished, the blackbody
gource was extinguished,

d. The test gas was now introduced into the shock tube and
alloved to remain there for 10 to 15 minutes at a total pressure greater

than that of the initisl pressure of the planned shot. The optical absorpe

s o s ot ARSI R By R e

tion cell was flushed with sample gas during this period until no further

AP

change in optical density at 2.5 was observed with continued flushing.

The shock tube was again evacuated to 1 x 1073

torr, after which it was
refilled 1o the desired pressure with test gas, This preliminary con-
ditioning of the shock tube was necessary to allow saturation of the walls
with adsorbed HF, Only after these precautions were taken could repro-
ducible results be obtained, The gaseous pressure in the shock tube was
determined with the aid of a Wallace and Tiernan gauge having a usable
range of 0 to 200 mm. The pressure could be read accurately to the nearest
0,2 mm.

e. The driver section was immediately pressurized with helium
until the diaphragm burst, initiating the shock wave. The elapsed time
between the tube-filling operation and the initiation of the shock wave

never exceeded 2 minutes,

f. The contents of the dump tank and shock tube were passed

18
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into the propane burner. The entire system was then purged for 15

minutes with low pressure N, {(ca, 200 psi), after vhich the metal and

ot SR g i d i

wylar diasphrsgms were replazed and the shock tube reevacuated.
1l. Background Emission Intensity
Several shocks were initisted in mixtures of the reagent
geses which contained no HF, The resultant osciliograms showed no detect-
able radiation at 2,5u to T000°K, Accordingly, no background intensity
vas assumed in the analysis of the data,

111. RESULTS AND INTERPRETATION

A. Internal Consistency of Initial Emission Intensities
Several shocks wvere initiated in test gases under identical
conditions of detector bias current and amplifier plate voltage. The
results should lend themselves well to a test of the validity of the
assumptions made in the derivation of equation (9).
In Table I the observed initial emission intensities for several ;

shocks are listed as functions of both the initial concentration of HF

i;

in the mix and the temperature of the gas., The ratios of initial emission
intensity to the initial concentration of HF are shown in column 5 of the
table, It is seen that concentration varies by a factor of 5 and the
temperature by 3000°C. Although there is 30% scatter in the data, it is
immediately apparent that within experimental error eguation (9) is
valid,

B, Rate Constants from Initial Rates

Equations (19) and (20) wer= used to compute initial estimates

for the forward rate of reaction (10). The initial slopes of the observed

reaction profiles were estimated with the aid of equation (23)., The
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resultant estimates of k; are shown in Figure 9 as & function of the
reciprocal sbsolute temperature, The results are also tabulated in
Table II.

An analysis of the results illustrated in Figure 9 ghows
that large amounts of initial, monatomic fluorine in the reacting mix

have no significant effect upon the initial reaction rate. If reaction

(13) made a significant contribution to the rate of disappesrance of HF,

the initial rate of reaction would be given by
£ ok (M) + Kk,(F) (25)
where ki, is the forward rate of renction‘la). Under these circumstances

an increase in the initial rate would be cbserved due to the contribution

of the second term on the right, The absence of this effect {see Figure

e R

9) can only mean that the contribution of reaction {13) to the rate of

L4

o

disappearance of HF is insignificant compared with the contribution of

] reaction (10).

7 Also shown in Figure 9 are Arrheniusetype models fitted to the
data with T-l and T‘Q tempersture dependencies for the pre-exponential
factor. As can be clearly seen from the figure, the data are not ¢f suf-

ficient accuracy to distinguish between the tvo forms. The resulting

expression for k;
19

K, = o.hITx 10 e-l3h100/RT (26)

compares favorably with the value obtained by Jacobs et al(l), f.e.,
19.053

Kk, » 10 c-13h100/R‘1‘ (27)

A further consequence of the results listed in Figure 9 is
that the third-body efficiency of atomic F for the recombination of H and

F atoms is not grossly different from the efficiency of Ar atoms, For

20

‘2{“:, - =; a-




shots 49 through 53, the atomic F content of the reacting gas immediately -
behind the shock wvave is 11%, yet no significant effect is noted in the g ‘
values of k;, except possibly at low temperature {(ca. 4100°K).
C. Rate Constants from Computer Analysis

A random selection of datse taken for mixes containing no added
fluorine was used to evaluate the rate of the hydrogen exchange reaction,
equation (11). The value of k; was taken from the initial slopes of these
data and set equal to

k; = '{)Ti‘gz" 1023 e-13h100/R‘1' (28)
The 'l"'2 dependence of the pree-exponential fector was found to give &
slightly better fit for these data, Figure 9., The resction profiles were
computed for these data for each of several values of k; and the results
vere then compared with the observed profiles (see Figures 10a, 10b, and
10c). Figure 11 illustrates the effect of kp on the shape of the reaction
profile for a single run corresponding to a mix containing added hydrogen.

The resulting best value for k; is given by the expression e 7

k, = 0,2 x 1073 ¢=35000/RT (29) Y
This value is low by a factor of five in comparison to the value obtained 7

by Jacobs et uu). i.e.,

Kk, = 0.1 x 103 e
An examination of the computed profile Rl of Figure 11 with the experi-
mental data, Rb, reveals that this difference in the two values of k;
cannot be ascribed to scatter in the experimental data,

The rates described by equations (28) and (29) were then

applied to a random selection of data for mixes containing various amounts

21
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of added fluorine. The results indicated that the value of k; as given
by equation (28) was slightly high at low temperatures (ca, LO0Q°K).
Accordingly, the values of k; given by (26) were tried., The results

are illustrated in Figurs 12. The good fit attests to the applicsbility
of the selected values of k; and k3,

The fact that equation (28) gives values of k; which are
slightly high at low temperature {cs. 15%} indicates that the value chosen
for k; is probably low by a small amount, as k; has its greatest relative
influence at low temperatures. Even though this seems probable, it does

not warrant an attempt to improve the value of k,, as this would only

mean an increase in its value of 20% at most,
D. Recombination Rate Constants

In an effort to guantitatively reproduce the temperature de-
pendetice of the rates of atom—atom recombinations, Benson and Fueno(g)
describe & cascade mechanism for vibrational deactivation of newly formed
and highly excited diatomic molecules, They assume that deactivation or
activation proceeds by collision with neighboring molecules and occurs
by one vibrational quantum at a time,

Figure 13 illustrates the agresasent between our experimentally
determined recombination rates and the values given by this cascade
model, The agreement must be considered as excellent in view of the fact
that the model gives both the negative temperature dependence of the re-

combination rates as well as the correct magnitude (within a factor of

2).
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Of course, the theory of Benson and Fueno(g) can be used

conversely to reproduce the correct temperature dependence and magnitude

I S SRR

of the corresponding dissociation rates of diatomic molecules. This is
illustrated in Figure 9 for the csses IA and IIA of the model (see
reference 9),

In all of these calculations the effective collision dilameter
of the collision complex was taken as Just half the value given by refer-
ence 9 for homogeneous complexes, This approximstion becomes necessary
due to the relative inefficiency of energy transfers for collision of
inexrt species with the heavy F end of the complex in comparison to col-
lisiong with the light H end,

E. Conclusions

In conclusion, the best fit of the experimental data is cobtainped
for k; given by equation (26) and k, given by equation (29).

The presence of added fluorine in the reacting mix appears to
have no influence on the réaction rate except for the simple mags-action £
suppression of reactions (10) and (11)., Since the presence of added
fluorine suppresses the hydrogen exchange reaction, the values of k;
taken from the initial rates for these data should more nearly reflect
reality than those values of k; taken from the initial rates of reaction
for mixes containing no added fluorine.

The rate of reaction (13), the fluorine exchange reaction, can-
not be obtajned from the present study due %o its apparent insignificance
compared with the rates of reactions (10) aad (11).

The third-body efficiency of atomic fluorine for the recombina~

i tion of atomic hydrogen and fluorine does not grossly exceed the third-

23




body efficiency of argoen for the ssme recombination.

If stomic hydrogen has an efficiency for third-body recoabins-
tion of stomic Aydrogen and fluorine grossly in excess of that for argon,
it would be difficult to separate the effect from the effect of the

hydrogen exchange reaction.

The cascade model of Benson and Fueno sppears to be gualitatively
and quentitatively correct vhen compared with the experimentally determined
recombination rates of atomic H and F.
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TABLE I
% INTERFAL CONSISTENCY OF INITIAL EMISSION INTENSITIES
4 Firat Set®
2 co 6 o ,C° -6
¢ Run Mo, T°k HF x 10 (moles/cc) E°(Volts) (E°/HF x 10 ")
o 9 K175 0.238 1.04 bk
4 53 k2bk 0.285 1.54 S.h
50 4312 0,185 0.95 5.1
sk Lh26 0.426 2.23 5.2
é 51 K784 0.176 0.89 5.1
: 52 5283 0.112 0.59 5.3
b7 5613 0.200 0.87 bk
} Second Set
71 3231 0.086 0.82 9.5
69 3932 0.081 0.71 8.8
i , 70 3961 0.102 0.92 9.0
12  hgéo 0.185 1.37 T.h
66 6105 0.098 0.68 7.0
67 6276 0.077 0.82 10.6
68 6365 0.0TT 0.76 9.9

&
Refers to individusl settings for bias current and amplifier
plate voltage.
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